Introduction Paget's disease of bone (PDB) is the second most frequent metabolic bone disease with the spine being a common site of manifestation. Still, neither the disease's etiology nor reasons for its manifestation at preferred skeletal sites are understood. The aim of the current study was therefore to perform a histologic and histomorphometric analysis of PBD biopsies of the spine to achieve a more detailed understanding concerning PDB activity and characteristics. Materials and methods Out of 754 cases with histologically proven PDB, 101 cases were identified to have involvement of the spine. A total of 29 individual vertebral body biopsies were available for histologic and histomorphometric analysis and were compared to age-and sex-matched spinal bone specimens obtained from skeletal-intact individuals at autopsy.
Introduction
The spine has been reported to be the second most commonly affected site in Paget disease of bone (PDB), a chronic metabolically active bone disease [1] [2] [3] [4] [5] [6] [7] . Monostotic pagetic involvement of the spine is rarely described, and polyostotic cases are more common [8] . Still, it can be challenging to detect all sites affected by PDB with the help of conventional X-ray alone. Therefore, in order to differentiate between monostotic and polyostotic disease manifestations, scintigraphic bone scans ( 99m Tc-bisphosphonate) are routinely used. In those cases where the patient's clinical presentation, typical elevation of serum alkaline phosphatase (sALP) or radiological imaging does not lead to a definite diagnosis, invasive diagnostic techniques such as needle biopsies might become necessary.
A previous study performed by our group reported on 754 cases with histologically proven PDB [1] . Histological samples obtained from the iliac crest were analyzed with the help of histomorphometry and the results were noteworthy. A total of 101 patients (13.4%) presented with spinal involvement of the disease. Due to the lack of histological data on PDB of the spine, we therefore performed histological and histomorphometric analyses of vertebral body biopsies available from the cohort's patients with spinal PDB manifestation. This study's aim was therefore to present the first histological evaluation of a series of vertebral body biopsies from a large cohort of patients with monostotic and polyostotic spinal PDB manifestation. Consequently, our goal was to achieve a better understanding of the disease's activity in different spinal locations and in comparison to extra-spinal locations like the iliac crest.
Materials and methods

Epidemiological data of PDB samples and control specimens
The files of the Hamburg Bone Register at the University Medical Center Hamburg-Eppendorf were searched for cases diagnosed as PDB. Here, biopsies of a total of 754 PDB cases were collected between January 1972 and March 2010. Iliac crest biopsies were performed in all patients to characterize skeletal and bone turnover status at tissue level in general or to prove polyostotic involvement of PDB in particular.
Out of the 754 cases reviewed by Seitz et al. [1] , 101 cases presented with monostotic or polyostotic involvement of the spine. Those were reviewed in a retrospective study between January 1972 and March 2010. Seventy-two of these cases were obtained from consultatory work, whereas 29 cases were obtained at the University Medical Center Hamburg-Eppendorf. Details of all patients, including patient history, treatment course and clinical complications, were recorded; sALP levels were determined in units per liter (U/L) at the time of diagnosis. Characteristic histopathologic features were compared with radiologic findings for each patient. A total of 29 spinal PDB cases (4 cervical spine, 4 thoracic spine, 21 lumbar spine) were available for histological and histomorphometric analysis. In those cases, a vertebral body biopsy-in addition to an iliac crest bone biopsy-was performed to confirm the diagnosis of a spinal manifestation of Paget disease. In cases with histopathologically proven PDB of the pelvis (i.e., polyostotic paget), where based on clinical and radiological findings spinal disease manifestation was certain, no spinal biopsies were available.
Moreover, 29 autopsy cases served as controls for PDB biopsies. The complete spinal column was harvested from those skeletal-intact individuals with no recorded bone disease within the first 48 h post-mortem (16 male; 13 female). Matched-pair block specimens were extracted and served as control samples. This study was carried out according to existing rules and regulations of the University Medical Center Hamburg-Eppendorf. All patients died in accidents or of acute disease. Review of hospital records and whole body autopsy reports were used to exclude individuals with cancer, diabetes, glucocorticoid medication or donors on other drugs known to affect calcium metabolism. Therefore, patients with severe liver or kidney disease or periods of longer immobilization were excluded. Iliac crest biopsies were obtained from all autopsy cases to furthermore exclude general and metabolic skeletal diseases. These specimens served as reference values for PDB specimens.
Undecalcified histology of PDB biopsies and control specimens All 29 PDB biopsies were evaluated for histological confirmation of the diagnosis. Biopsies of similar size were extracted from the block specimens of skeletal-intact autopsy control specimens. PDB and control biopsies were embedded undecalcified in methylmethacrylate and cut into sections of 4-lm thickness using a k-microtome (Jung, Heidelberg, Germany). Histological evaluation of all specimens was made following standard staining procedures as described before [9] .
Quantitative static histomorphometry
Parameters of static histomorphometry were quantified on von Kossa/van Giesson-or Toluidine blue-stained undecalcified sections of vertebral body specimens from 29 patients with manifestation of PDB of the spine and set in direct comparison to 29 autopsy block obtained from skeletal-intact donors. Analyses of bone volume per tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), osteoid volume (OV/BV), osteoid surface (OS/BS) and fibrous tissue (FbI/Pm), as well as the determination of osteoblast (NOb/BPm) and osteoclast numbers (NOc/BPm) and surface indices (ObS/BS and OcS/BS), were carried out according to the American Society of Bone and Mineral Research (ASBMR) standards [10] using the Osteomeasure histomorphometry system (Osteometrics, Atlanta, GA, USA) connected to a Zeiss microscope (Carl Zeiss, Jena, Germany), both for PDB and control cases.
The data obtained here were compared to and correlated with histomorphometric findings of iliac crest bone biopsies with clinically and histologically proven PDB. A detailed description of these iliac crest biopsies can be found in the publication described above by Seitz et al.
Radiologic documentation of control samples and measurement of vertebral body heights
Vertebral bodies of all 29 control samples were dissected at autopsy, contact X-ray images were taken (Faxitron X-ray LLC, Lincolnshire, IL, USA) and vertebral body heights were measured morphometrically (ImageJ, Sun Microsystems Inc. N.I.H., USA) prior to histologic preparation. Histologic preparation was performed as described above.
Radiologic assessment of PBD of the spine Conventional X-ray images that had been taken while establishing the PDB diagnosis were available for the majority of patients, but was not performed systematically. In selected cases, images documenting the disease's course were available.
Statistical analysis
For statistical evaluation, two tailed Student's t test was performed to reveal differences between control and PDB groups using the software SPSS Version 17.0. For all tests, p values \0.05 were considered as ''statistically significant'', while p values \0.01 were considered as ''strongly significant''. Pearson's correlation was used for correlation coefficient and a p value of \0.05 was considered as statistically significant.
Results
Demographic data
In our cohort of 754 patients, 101 cases involving the spine (13.4%) were recorded. The majority of cases were found in male patients (60.4%), whereas 39.6% were female. A total of 62 patients (61.4%) presented with polyostotic skeletal manifestation, while only 39 patients (38.6%) had monostotic involvement. In contrast to these findings, in the entire cohort of 754 patients more than 75% of patients presented with monostotic disease manifestation. The peak incidence of spinal PDB was found at 65.02 (SD ± 11.55) years of age with a small number of cases occurring in the fourth and fifth decade. A steady increase in cases was noted from the sixth decade onward and a peak disease incidence was reached during the eight decade.
The lumbar spine was the most common site of PDB manifestation (62.2%), followed by the thoracic spine (29.6%). In 8.2% of patients, the cervical spine was involved. Here, four cases (50%) showed disease manifestation of C2. In each case, conventional X-ray images of the affected spinal segment were performed to document disease extent and to visualize a potential biopsy site. Here, typical radiological changes of pagetic vertebral bodies consisted of enlargement in width and height and reduced translucency leading to a typical ''ivory vertebra'' appearance. Serum ALP levels were elevated in 86.0% of patients with an average level of 256.05 U/L (SD ± 182.74). The normal range for serum ALP set by our institution's laboratory was 50-130 U/L.
Histological and quantitative static histomorphometry data
When comparing bone biopsies obtained from skeletalintact donors at autopsy with biopsies obtained from patients with PDB, significant changes of structural parameters of trabecular bone (i.e., trabecular number, thickness, spacing, and connectivity) were observed for all cases of PDB. Von Kossa/Van Giesson staining of non-decalcified spinal bone specimens displayed typical changes of trabecular micro-architecture (Fig. 1a, b) . Histomorphometric quantification of trabecular bone volume revealed a [2-fold increase in biopsies derived from PDB patients (BV/TV: 15.95 ± 3.24% vs. 48.06 ± 13.48%; p B 0.001). This finding was accompanied by an increase in trabecular number (Tb.N: 1.72 ± 0.26 mm -1 vs. 5.06 ± 1.72 mm -1 ; p B 0.001) and a decrease of trabecular separation (Tb.Sp: 494.05 ± 83.14 lm vs. 90.58 ± 28.94 lm; p B 0.001). Interestingly, trabecular thickness (Tb.Th: 91.64 ± 12.81 lm vs. 98.55 ± 33.43 lm; p = 0.150) was not significantly altered ( Fig. 1c-f) . Moreover, the degree of mineralization in PDB samples appeared severely changed when compared with control specimens. PDB patients showed a significant increase in osteoid volume (OV/BV: 1.36 ± 0.64% vs. 13.69 ± 5.48%; p B 0.001; Fig. 1g ) and osteoid surface (OS/BS: 6.78 ± 2.90% vs. 54.72 ± 15.88%; p B 0.001; Fig. 1h ). Moreover, using polarized light, we analyzed control samples where regular orientation and even distribution of collagen fibers were observed (Fig. 1i) . In sharp contrast to these observations, PDB samples showed patterns of collagen fiber distribution lacking orientation where no uniform directions could be detected. Here, a rather random distribution indicative of woven bone was observed (Fig. 1j) . When histomorphometric parameters were compared to data obtained for iliac crest biopsies, neither statistically significant differences for trabecular parameters such as BV/TV, Tb.Th., Tb.N. nor for osteoid parameters (OV/BV, OS/BS) were observed.
To determine the observed difference's cellular basis, we used toluidine blue staining to visualize and quantify the number of osteoblasts and osteoclasts. A great increase in cell size and number was observed for both cell types. Multinucleated osteoclasts with[12 nuclei per cell were frequently detected at the trabecular bone surface (Fig. 2a-d Fig. 2g-h ). Pagetic osteoclasts displayed an altered morphology (i.e., an increased size and number of nuclei). To verify if the increase in osteoid volume described above was caused by a defect in bone matrix mineralization or a result of increased osteoblast activity, we finally evaluated the osteoblast surface relative to the osteoid surface. Here, a significant increase in Ob.S/OS (5.41 ± 1.37% vs. 46.08 ± 14.40%; p B 0.001; Fig. 2i ) was observed in comparison to control individuals, suggesting, that the increase in osteoid rather results from an increased osteoblast number and function. In addition, whereas fibrosis was absent in healthy individuals, we found that [50% of the bone surface was covered with fibrotic tissue in PDB patients (Fb.I/BS: 1.0 ± 0.3 vs. 55.43 ± 19.56%; p B 0.001; Fig. 2j ).
When the histomorphometric parameters described above were compared to data obtained for iliac crest biopsies, no statistically significant differences for cellular parameters were observed.
Correlation of histomorphometric data related to each spinal segment After histomorphometric parameters for trabecular bone architecture had been assessed for PDB biopsies of the spine, they were analyzed with respect to location (lumbar spine L1-L5, thoracic spine Th1-Th12, cervical spine C1-C7). It was of interest to detect cellular or trabecular changes characteristically occurring in certain locations. Therefore, all affected vertebral bodies were compared to one another singularly (e.g., L1 vs. Th 12) and spinal segments were compared to one another (e.g., lumbar vs. thoracic spine). Comparison of histomorphometric parameter BV/TV measured in skeletal-intact autopsy specimens revealed significantly greater bone density in the cervical spine when compared with the lumbar spine ( Fig. 3 ; p \ 0.05). In contrast to this finding, no differences in terms of disease activity, trabecular micro-architecture or parameters of non-mineralized bone (osteoid) were observed between the segments analyzed (Fig. 3) . Also, disease extent appeared similarly pronounced in most spinal segments and comparable in all vertebral bodies analyzed.
Correlation of disease activity with biological markers and clinical features According to ASBMR standards, disease activity was defined as both osteoblast and osteoclast numbers per bone perimeter (NOb/BPm and NOc/BPm, respectively), as well and h surface (Oc.S/BS). i Additionally, an increase in osteoblast number per osteoid surface (N.Ob/OS) was found as an indirect sign of accelerated bone formation as a result of increased osteoblast activity. j Whereas fibrous tissue (Fb.I/BS) is rarely found in healthy individuals, it was found to cover more than 50% of the bone surface in PDB samples. Bars represent mean ± SD (n = 29). *Statistically significant differences (p \ 0.05) and **highly significant differences (p \ 0.001) as determined by Student's t test as surface indices for osteoblasts and osteoclasts per bone surface (ObS/BS and OcS/BS, respectively) and osteoid surface (ObS/OS). All parameters described above were correlated with biological marker sALP, clinical features such as monostotic or polyostotic involvement and sex. Neither osteoblast nor osteoclast numbers showed significant correlations with sALP levels and did not appear to be significantly associated with sex, or monostotic or polyostotic involvement.
Correlation of histomorphometric data obtained from iliac crest biopsies of PDB patients
In addition to comparing vertebral bodies to one another and spinal segments among each other, histologic changes typical of PDB in the spine were compared to histomorphometric data obtained for iliac crest biopsies from this cohort's patients. Comparison of iliac crest biopsies with spinal biopsies did not reveal any significant differences. Both, cellular parameters as well as trabecular and osteoid parameters showed very comparable results; therefore, no differences in disease activity or disease severity were observed.
Correlation of disease frequency with location in the spine
Finally, vertebral body heights measured for skeletal-intact donors were set into relation with disease occurrence of PDB of the spine. In autopsy specimens, vertebral body heights of the cervical spine (C1-C7) were found to measure 13.5 mm (±1.7) on average, whereas vertebral bodies of the thoracic spine (Th1-Th12) were significantly larger with an average height of 20.2 mm (±3.2). As expected, the lumbar spine (L1-L5) presented with the largest vertebral bodies where the average height measured 27.8 mm (±1.7). When vertebral body heights measured in skeletalintact individuals were set into correlation with disease occurrence and location in PDB cases, statistically significant correlations were observed (Pearson's correlation coefficient = 0.83; p \ 0.05) indicating that the occurrence of PDB of the spine appears to be associated with vertebral body height independent of disease activity.
Discussion
Few comparative histological analyses or histomorphometric data of bone biopsies extracted from bones affected by PDB can be found in today's literature [11] . The limited amount of data available might be due to the mostly straightforward diagnostic steps usually consisting of the patient's complaints together with a typical increase in sALP and characteristic radiological changes. Additionally, improvements in the quality of radiological imaging have made invasive procedures like bone biopsies infrequent. Also, rapid improvement of clinical symptoms and decrease of sALP levels after adequate antiresorptive therapy is regularly found [1] [2] [3] [4] [5] [6] [7] . Some case studies include histological samples, mainly obtained from the iliac crest, where descriptions of typical disease characteristics can be found. Unfortunately, these studies mostly present decalcified histology where evaluation of non-mineralized bone (osteoid) was not possible. In 1980, Meunier et al. [11] for the fist time presented a histomorphometric analysis of 72 PDB cases describing typical changes of both bone architecture and cellular parameters found in PDB. Almost 30 years later, Seitz et al. [1] performed a study analyzing an even larger cohort consisting of 754 patients with histologically proven PDB. Here, 247 iliac crest biopsies of non-decalcified bone samples were evaluated histologically. The results were noteworthy, as next to a detailed description of the disease's epidemiology, emphasis was laid on skeletal distribution. A total of 101 of the cohort's patients presented with PDB involving the spine. In addition to iliac crest biopsies, biopsies of the affected vertebral body were available for 29 individuals. Our primary objective was therefore to accomplish a first histological analysis of those samples and to compare these findings to matched-pair samples from skeletal-intact individuals. Furthermore, a detailed comparison of spinal data with data obtained for iliac crest biopsies was performed.
Our analysis of biopsies obtained from skeletal-intact control subjects revealed that the lumbar spine possesses a significantly lower bone volume per tissue volume (BV/ TV) when compared with cervical spine samples. Also, as described in previous studies, the lumbar spine can be associated with significantly greater vertebral height and bone volume when compared with the thoracic and the cervical spine [12] .
Since the majority of PDB cases of the spine were found in the lumbar spine, we hypothesized that due to the specific disease allocation of PDB and the variations in trabecular architecture observed in healthy control specimens, different spinal segments in PDB might present with different disease activities and bone remodeling characteristics. However, when cellular and trabecular parameters of different spinal segments were compared with one another, no significant differences were observed. With the observation in mind that in healthy individuals the cervical spine presented with significantly greater BV/TV values than the lumbar spine, these are most interesting data. The convergence of all trabecular characteristics in PDB patients indicates that the former greater bone density in the cervical spine is not maintained throughout the disease and that a maximum increase of all trabecular parameters might have been reached. Also, disease activity, measured by cellular parameters like osteoblast and osteoclast numbers, did not differ significantly in any of the spinal segments, which might further support the hypothesis that a maximum disease activity in the segments analyzed might have been reached.
Next to a close examination of the control subject's trabecular characteristics, average vertebral body heights in skeletal-intact individuals were measured and correlated with the distribution of PDB in the spine. Here, a positive correlation was observed. The greater the vertebral body height, the more likely it became that the vertebral body showed pagetic changes. Together with the observation that vertebral bodies with lower BV/TV values are more commonly affected by the disease, it can further be speculated that vertebral body height and size might play an additional role in PDB incidence. This speculation is supported by the fact that in this study, C2 presented as one of the primary disease locations if involvement of the cervical spine was found. This does not contradict reports that identify the atlanto-axial region as a rare disease location [13, 14] . However, detailed analyses of affected C2 vertebral bodies have up to date not been performed. Therefore, no explanation for this rare observation can be found. C2 is significantly larger than the other six cervical vertebrae, but its bone architecture does not appear to differ significantly from other vertebral bodies [15] .
It has been speculated that biomechanical factors such as increased loading on the lumbar spine may contribute to the high prevalence of PDB cases in this region [3] . This might be a possible explanation for the higher disease occurrence in the lumbar spine, but this assumption would also lead to the conclusion that within the cervical spine the atlas should be affected more often than C2. Among the 101 cases evaluated in this study, only one case of atlas involvement was found. We therefore believe that next to biomechanical properties, other factors such as bone density, bone size or even the vertebral body's blood supply might influence the occurrence of PDB.
We further hypothesized that spinal segments affected by PDB might present with different trabecular microarchitectural and cellular characteristics when compared with bone biopsies obtained from extra-spinal locations. As an extra-spinal reference location, we chose the most common site of PDB, the iliac crest. Biopsy samples were readily available due to the study performed by Seitz et al. [1] . We are aware of the fact that in terms of trabecular architecture, vertebral bodies do not differ greatly from the iliac crest. Interestingly though, this comparison did not reveal any significant differences for the trabecular or cellular parameters. One possible explanation for the lack of differences could be that the disease's initial lytic phase, which represents a mainly osteoclastic activity, is infrequently detected in bones with a high trabecular/cortex ratio like vertebra and ilium [16] . Additionally, radiological studies were able to confirm that vertebral involvement during the time of diagnosis is virtually always complete [16] . This might again strengthen the hypothesis that in most biopsies taken from vertebra or iliac crest, a maximum disease activity and possibly a mixed osteoblastic/ osteoclastic phase might have been reached. In order to clarify this issue, it would be helpful to include biopsies from long bones such as the femur or tibia. Here, disease progression has been reported to be slower and in early stages of the disease different phases might be found [16] .
As a limitation of this study, it needs to be pointed out that no systematic follow-up data of our cases documenting the disease's course or progression are available. Also, as cases date back to 1972, clinical data are clearly limited. Histological differences in disease activity were neither observed in different spinal locations nor in comparison to iliac crest biopsies. Therefore, one of the studies initial intentions to investigate if disease activity in different locations could have an influence on its medical treatment had to be displaced. Hopefully, future studies with a histological background will be able to aid in the advancement of medical treatment options in PDB.
Additionally, missing follow-up data together with similar disease activities in all locations analyzed clearly limit the study's clinical relevance. However by presenting a series of rare spinal PDB biopsies, we believe to have established a unique study with more of a histological background than a clinical one. As no systematic approach to PDB of the spine is available and PDB activity in the spine does not differ significantly from PDB of the iliac crest, we decided to narrow our conclusions down to our histological findings.
One aspect of the study's clinical relevance is that PDB is a frequent bone disease with spinal manifestation in approximately 13% of patients. Spinal surgeons need to be aware of spinal manifestation of PDB when differential diagnoses of bone lesions are in question. As cellular activity in our samples was generally high, one therapeutic consequence is that medical suppression of osteoclast activity might be of paramount importance. Our recommendation would be that in cases requiring surgical interventions, the activity of pagetic lesions should be blocked prior to invasive actions.
The time from the beginning of pagetic changes in bone to presentation of the maximum disease manifestation can only be estimated. Due to the findings described above, it could be speculated that skeletal elements with lower BV/ TV might present with faster disease progression. This, however, does not appear to be likely since disease activity was very similar in different skeletal segments analyzed in this study leading to the careful estimation that, independent of the disease location, disease extent in most segments might be comparable. This conclusion could be contradicted by the assumption that at the time the PDB biopsy was taken, a maximum disease activity might have already been reached, leading to an equalization of all parameters presented in this study. Another factor that might have had an effect on our results is that biopsies, independent of their spinal location, were either obtained under CT-guidance from the center of the vertebral body or as block specimens from similar locations. ASBMR standards recommend examination and evaluation of trabecular bone from exactly this location if the diagnosis of Paget's disease is in question. However, radiologically the most frequent mechanisms of vertebral body expansion appear to be periosteal bone apposition and endosteal bone absorption, which are usually responsible for vertebral body enlargement and increased bone marrow space [17, 18] . It can therefore be discussed if biopsies taken from periosteal surface where new bone formation radiologically appears to predominate might have revealed even higher disease activities than the ones described in this study. In this context, the activities of bone remodeling in spinal areas might differ from extra-spinal locations such as the iliac bone.
In summary, this study presents the first comparative analysis of a large collection of histologically proven PDB samples obtained from vertebral bodies and compares these findings to data from skeletal-intact age-, location-and sexmatched individuals. Since neither the disease's etiology nor reasons for its preference of the spine, next to other skeletal sites, are known, this study might lead to a better understanding of the skeletal distribution of PDB. Pagetic manifestation in vertebral bodies appears to be associated with bone size and vertebral body height, in general, and bone density, in particular. Disease activity does not show differences in the spinal segments involved or when comparing spinal to extra-spinal disease manifestations.
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